Laboratory evaluation and application of microwave absorption properties under simulated conditions for planetary atmospheres by Steffes, Paul G.
REPORT 
TO THE 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
SEnIARAaAL STATUS REPORT #9 
for 
GRANT NAGW-533 
LABORATORY EVALUATION A#D APPLICATIOR OF 
MICROWAVE ABSORPTIOR PROPERTIES UNDER SIMULATED 
COFJDIIIONS FOR PLARETARY AIt4OSPBBRES 
Paul G.  S t e f f e s ,  Principal Invest igator 
February 1 ,  1988 through July 31, 1988 
Submit t ed by 
Professor P a u l  6. G t e f f e s  
School of E lec tr i ca l  Engineering 
Georgia Inet i tute  of Technology 
Atlanta, Georgia 30332-0250 
( 4 0 4 )  894-3128 
(EASA-CR-1E2443) L A B C K A T C b E  EFALUAIXON AND N e a - 2 5 6 5 3  
A f f L J C A T 1 C N  OE C I C F C L A V E  AESCIflXCh 
kf\CPELi!IIES U E L E E  X I E U L A I E C .  C C E C I ’ I I C A S  PGfi 
E L A N k I A f i Y  ATnCSFEIBEZ Eeniar,r;ual S t a t u s  Unclas 
6 C & c K t ,  1 Fer. - Jul. 15kE ( G E G K Q i a  63/91 0149034 
https://ntrs.nasa.gov/search.jsp?R=19880020269 2020-03-20T05:15:35+00:00Z
PAGE . 
I . INTRODUCTION AND SUMMARY .......................................... 1 
11 . THE GEORGIA TECH RADIO ASTRONOMY AND PROPAGATION ( R . A . P . )  
F A C I L I T Y . .  ........................................................ 6 
I11 . EXPERIMENTAL APPROACH ............................................. 10 
16 I V  . RESULTS OF LABORATORY MEASUREMENTS AND THEIR APPLICATION .......... 
V . OBSERVATIONAL AND INTERPRETIVE STUDIES ............................ 18 
V I  . PUBLICATIONS AND INTERACTIONS WITH OTHER INVESTIGATORS ............ 22 
V I 1  . CONCLUSION ........................................................ 24 
V I 1 1  . REFERENCES ........................................................ 26 
I X  . KEY FIGURES ....................................................... 28 
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Radio a b s o r p t i v i t y  d a t a  f o r  p lane tary  atmospheres obtained from space- 
c r a f t  r a d i o  o c c u l t a t i o n  experiments  and earth-based r a d i o  as t ronomica l  obser- 
v a t i o n s  can be used t o  i n f e r  abundances o f  microwave absorbing atmospheric 
c o n s t i t u e n t s  i n  those  atmospheres,  as long a s  r e l i a b l e  informat ion  regard ing  
t h e  microwave absorbing p r o p e r t i e s  of p o t e n t i a l  c o n s t i t u e n t s  i s  a v a i l a b l e .  
The use o f  t heo re t i ca l ly -de r ived  microwave abso rp t ion  p r o p e r t i e s  f o r  such 
atmospheric c o n s t i t u e n t s ,  o r  labora tory  measurements of such p r o p e r t i e s  under 
environmental  cond i t ions  which are s i g n i f i c a n t l y  d i f f e r e n t  than those of t h e  
p l ane ta ry  atmosphere being s tud ied ,  o f t e n  l eads  t o  s i g n i f i c a n t  mi s in t e rp re t a -  
t i o n  of a v a i l a b l e  opac i ty  d a t a .  S t e f f e s  and Eshleman (1981) showed t h a t  under 
environmental  cond i t ions  corresponding t o  the  middle atmosphere o f  Venus, t h e  
microwave abso rp t ion  due t o  atmospheric SO2 w a s  g r e a t e r  than t h a t  ca l cu la t ed  
from Van Vleck-Weisskopf theory.  S i m i l a r l y ,  r e s u l t s  obtained fo r  t h e  
microwave opac i ty  from gaseous H2S04 under s imulated Venus c o n d i t i o n s ,  during 
t h e  f i r s t  two yea r s  of  Grant NAGW-533, showed t h a t  not only was the  opac i ty  
from H2S04 much g r e a t e r  than t h e o r e t i c a l l y  p red ic t ed ,  but  t h a t  i t s  frequency 
(wavelength) dependence w a s  f a r  d i f f e r e n t  than t h a t  t h e o r e t i c a l l y  p red ic t ed  
( S t e f f e s ,  1985 and S t e f f e s ,  1986). Measurements made by S t e f f e s  and Jenk ins  
(19871, dur ing  t h e  t h i r d  year  of  Grant NAGW-533, showed t h a t  t h e  microwave 
o p a c i t y  o f  gaseous ammonia (NH3) under s imulated Jov ian  c o n d i t i o n s  d id  indeed 
agree  wi th  t h e o r e t i c a l  p r e d i c t i o n s  t o  wi th in  experimental  accuracy at  wave- 
l e n g t h s  longward of  1.3 cm. Work performed dur ing  t h e  f o u r t h  year  of  Grant 
HAW-533 (February 1, 1987 through January 31, 1988) and cont inuing  on i n t o  
t h e  first h a l f  o f  t h i s  c u r r e n t  grant  year  (February 1, 1988 through J u l y  31, 
1988) has  shown t h a t  t h e  mil l imeter-wave opac i ty  o f  aarnonia between 7.5 mn and 
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9.3 mu l i kewise  ag rees  with t h e o r e t i c a l  p r e d i c t i o n s .  The r e c o g n i t i o n  of  t h e  
need t o  make such l abora to ry  measurements of  s imulated p l a n e t a r y  atmospheres 
over  a range of  temperatures  and pressures  which correspond t o  t h e  a l t i t u d e s  
probed by both  r a d i o  o c c u l t a t i o n  experiments and r a d i o  astronomical  obser-  
v a t i o n s ,  and over a range of f requencies  which correspond t o  those  used i n  
both r a d i o  o c c u l t a t i o n  experiments and r a d i o  as t ronomica l  obse rva t ions ,  has  
l ed  t o  the  development o f  a f a c i l i t y  a t  Georgia Tech which i s  capable  o f  
making such measurements. It has  been t h e  goa l  o f  t h i s  i n v e s t i g a t i o n  t o  
conduct such measurements and t o  apply t h e  resu l t s  t o  a wide range of  
p l a n e t a r y  obse rva t ions ,  both spacecraf t  and ear th-based,  i n  o rde r  t o  determine 
the  i d e n t i t y  and abundance p r o f i l e s  o f  c o n s t i t u e n t s  i n  those  p l ane ta ry  
atmospheres.  
I n  some cases ,  new observat ions or experiments  have been suggested by 
the  r e s u l t s  of  t h e  l abora to ry  measurements. For example, t h i s  f a c i l i t y  was 
i n i t i a l l y  developed, and then operated,  i n  o rde r  t o  e v a l u a t e  t h e  microwave 
absorbing p r o p e r t i e s  o f  gaseous s u l f u r i c  ac id  (H2S04) under Venus atmospheric 
cond i t ions .  The resul ts ,  obtained a t  13.4 cm and 3.6 cm wavelengths,  were 
app l i ed  t o  measurements from Mariner 5 ,  Mariner 10, and e a r l y  Pioneer-Venus 
Radio Occu l t a t ion  experiments,  t o  determine abundances o f  gaseous s u l f u r i c  
ac id  i n  the  Venus atmosphere, with accu rac i e s  exceeding those  achieved wi th  
i n - s i t u  ins t ruments  ( S t e f f e s ,  1985). Later e f f o r t s  concent ra ted  on making 
l a b o r a t o r y  measurements o f  t h e  microwave abso rp t ion  from gaseous H2S04 a t  
wavelengths from 1.3 t o  22 cm under s imula ted  Venus cond i t ions .  We appl ied  
t h e s e  r e s u l t s  t o  r a d i o  astronomical  observa t ions  of  Venus which have been made 
i n  the same wavelength range, i n  order t o  b e t t e r  model t h e  s t r u c t u r e  of  82SO4 
and SO2 abundance i n  t h e  Venus atmosphere, and t o  r e s o l v e  temporal v a r i a t i o n s  
o f  t h e i r  abundances on a planet-wide b a s i s .  
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Our l abora to ry  measurements a l so  suggested t h a t  a s u b s t a n t i a l  v a r i a t i o n  
i n  t h e  Venus microwave emission,  r e l a t e d  t o  the  abundance o f  gaseous s u l f u r i c  
a c i d ,  might e x i s t  near  t he  2 cm wavelength. S ince  no obse rva t ions  of  t h e  
Venus emission a t  t h i s  wavelength have eve r  been publ ished,  we  conducted 
obse rva t ions  o f  Venus using the  140-foot NRAO t e l e scope  and the  641neter  
DSN/Goldstone antenna i n  Apr i l  1987 to  not on ly  search  f o r  t h e  presence of t h e  
p red ic t ed  f e a t u r e ,  but  t o  use such a f e a t u r e  t o  determine a planet-wide 
average f o r  s u l f u r i c  ac id  vapor abundance below the  main cloud l a y e r .  The 
r e su l t s  of t h i s  obse rva t ion  a r e  s u b s t a n t i a l  i n  t h a t  they  not  on ly  p l a c e  l i m i t s  
on t h e  abundance and s p a t i a l  d i s t r i b u t i o n  o f  gaseous H2SO4 and SO2, but they  
a l s o  suggest  some l i m i t s  t o  long term temporal v a r i a t i o n s  f o r  t he  abundance of 
these  two gases .  During the  f i r s t  ha l f  of  t h i s  c u r r e n t  gran t  year ,  we have 
completed c a l i b r a t i o n  and i n t e r p r e t i v e  s t u d i e s  on the  d a t a  from these  observa- 
t i o n s  and a r e  submi t t ing  a paper e n t i t l e d ,  "Observations o f  the  Microwave 
Emission of  Venus from 1.3 t o  3.6 cm," by P. G. S t e f f e s ,  M. J. Klein,  and 
J. M. Jenkins,  t o  t he  j o u r n a l  Icarus .  ( P r e p r i n t s  o f  t h i s  paper w i l l  accompany 
t h i s  r e p o r t  under sepa ra t e  cover . )  
Another important tool f o r  eva lua t ing  p o t e n t i a l  s p a t i a l  and temporal 
v a r i a t i o n s  i n  abundance and d i s t r i b u t i o n  of  gaseous H2S04 i s  t h e  r educ t ion  and 
a n a l y s i s  of r e c e n t l y  obta ined  Pioneer-Venus r a d i o  o c c u l t a t i o n  measurements. 
The 13  cm microwave a b s o r p t i v i t y  p r o f i l e s ,  which can be  obtained from t h e  
r a d i o  o c c u l t a t i o n  d a t a ,  are c lose ly  r e l a t e d  t o  t h e  abundance p r o f i l e s  f o r  
gaseous H2S04. Within t h e  l a s t  month, we have begun t h e  r educ t ion  of  t h e  
1986-87 Pioneer-Venus r a d i o  o c c u l t a t i o n  measurements (working a t  JPL w i t h  
suppor t  from t h e  Pioneer-Venus Guest I n v e s t i g a t o r  Program) i n  o rde r  to  o b t a i n  
t h e  needed 13 cm microwave a b s o r p t i v i t y  p r o f i l e s .  Th i s  r educ t ion  e f f o r t ,  and 
i ts  p o t e n t i a l  r e s u l t s ,  are d iscussed  i n  Sec t ion  V o f  t h i s  r e p o r t .  
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An equa l ly  important a c t i v i t y  for t he  f i r s t  h a l f  o f  t h i s  g ran t  year  has  
cont inued t o  be l abora to ry  measurements o f  t he  microwave and millimeter-wave 
p r o p e r t i e s  o f  t h e  s imulated atmospheres o f  t h e  o u t e r  p l a n e t s  and t h e i r  
s a t e l l i t e s .  A s  descr ibed  i n  t h e  previous Annual S t a t u s  Report f o r  Grant 
NAW-533 (February 1, 1987 through January 31, 19881, i n i t i a l  l a b o r a t o r y  
measurements o f  t h e  millimeter-wave o p a c i t y  o f  gaseous ammonia (NH3) i n  a 
hydrogen/helium (H2/He) atmosphere, under s imulated c o n d i t i o n s  f o r  t he  o u t e r  
p l a n e t s  were begun i n  1987. These measurements were conducted a t  f requencies  
from 32 t o  40 GHz (wavelengths from 7.5 t o  9.3 mm). It has  been found by some 
(e.g. ,  de  Pa te r  and Massie, 1985) that  t h e  observed mi l l imeter -wave  emission 
from J u p i t e r  i s  i n c o n s i s t e n t  wi th  the  mill imeter-wave abso rp t ion  spectrum 
p red ic t ed  using t h e  modified Ben-Reuven l i n e  shape f o r  ammonia. In  order  t o  
i n v e s t i g a t e  t h i s ,  we developed a Fabry-Perot spectrometer  system capable  of 
o p e r a t i o n  from 30 t o  41 GHz (wavelengths from 7.3 t o  10 mm). This system has 
been used a t  p re s su res  up t o  2 Bars and temperatures  as low a s  150 K, which 
corresponds c l o s e l y  t o  t h e  condi t ions  a t  a l t i t u d e s  i n  t h e  Jovian atmosphere 
most r e s p o n s i b l e  f o r  t h e  observed millimeter-wave absorp t ion .  A complete 
d e s c r i p t i o n  of t h e  mil l imeter-wave spectrometer  is g iven  i n  Sec t ion  11. 
I n i t i a l l y ,  we used t h i s  spectrometer t o  complete l a b o r a t o r y  measurements 
of  t h e  7.5 t o  9.3 nun abso rp t ion  spectrum of  ammonia. The resu l t s  o f  t h e s e  
measurements were s u b s t a n t i v e  i n  tha t  they suggested t h e  p o s s i b i l i t y  t h a t  
n e i t h e r  t h e  modified Ben-Reuven l ineshape  nor t h e  Van Vleck-Weisskopf 
l i neshape  b e s t  d e s c r i b e  t h e  7.5 to  9.3 mm (32 t o  40 GHz) abso rp t ion  from 
gaseous NH3 under s imula ted  Jovian  condi t ions.  However, because of t h e  l a r g e  
e r r o r  b a r s  f o r  t hese  i n i t i a l  measurements, i t  was not  p o s s i b l e  t o  determine 
t h e  s p e c i f i c  abso rp t ion  spectrum. I n  order  t o  r e so lve  t h i s  unce r t a in ty ,  we 
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have found t h a t  i t  i s  d e s i r a b l e  t o  c h a r a c t e r i z e  t h e  o p a c i t y  o f  ammonia t o  an 
accuracy o f  *20%. This would a l s o  h e l p  t o  determine upper l e v e l  ammonia 
abundance and d i s t r i b u t i o n  i n  the  atmospheres of  t h e  o u t e r  p l a n e t s  (from r a d i o  
emission measurements), and t o  properly account f o r  c o n t r i b u t i o n s  t o  o p a c i t y  
from o t h e r  absorbing c o n s t i t u e n t s .  For our i n i t i a l  measurements, accu rac i e s  
of no b e t t e r  than  *60% were achieved ( s e e  J o i n e r  -- e t  a l . ,  1987).  Thus, we have 
devoted a g r e a t  d e a l  of  e f f o r t  during the  f i r s t  h a l f  of  t h i s  c u r r e n t  g ran t  
year t o  improve the  s e n s i t i v i t y  of our 7.5 t o  10 ~llll spectrometer  system, a s  
descr ibed  i n  Sec t ion  11. The e f f e c t  o f  t h i s  improvement can be  seen i n  t h e  
l a b o r a t o r y  r e su l t s  descr ibed  i n  Section IV. 
Since  l a r g e r  v a r i a t i o n s  from theore t i ca l ly -de r ived  o p a c i t y  va lues  are 
expected a t  s h o r t e r  m i l l i m e t e r r a v e l e n g t h s  ( s e e  de Pa te r  and Massie, 19851, 
we hope t o  pursue ( i n  the  second half  of t h i s  g r a n t  yea r )  f u r t h e r  l a b o r a t o r y  
measurements at  s h o r t e r  mill imeter-wavelengths,  e s p e c i a l l y  near  3 . 2  mm 
(94 G H z ) ,  where a l a r g e  number of observa t ions  of t h e  emission from the  o u t e r  
p l a n e t s  have been made. A b e t t e r  knowledge of t h e  mil l imeter-wave abso rp t ion  
p r o p e r t i e s  o f  NH3 i s  e s s e n t i a l ,  not on ly  t o  h e l p  b e t t e r  c h a r a c t e r i z e  t h e  
d i s t r i b u t i o n  and abundance of  ammonia at  high l e v e l s  i n  Jovian  atmospheres,  
but t o  make i t  p o s s i b l e  t o  reso lve  t h e  c o n t r i b u t i o n s  from o the r  absorbing 
c o n s t i t u e n t s  such as H2S ( see  Bezard e t  a l . ,  1983). 
Of equal  importance,  however, w i l l  be t h e  f u r t h e r  a p p l i c a t i o n  of our  
l a b o r a t o r y  r e s u l t s  f o r  t h e  microwave and mi l l imeter -wave  abso rp t ion  from 
v a r i o u s  gases  under s imulated p lane tary  cond i t ions  t o  a v a i l a b l e  a b s o r p t i v i t y  
da t a .  These d a t a  sets  inc lude  microwave and mi l l imeter -wave  emission 
measurements from Venus and the  outer  p l a n e t s ,  from which o p a c i t y  can be 
i n f e r r e d .  Other sources  o f  a b s o r p t i v i t y  d a t a  inc lude  t h e  Pioneer-Venus r a d i o  
o c c u l t a t i o n  experiments ,  d i scussed  i n  Sec t ion  V, and Voyager r a d i o  o c c u l t a t i o n  
experiments  a t  t he  ou te r  p l ane t s .  Resul ts  o f  our  l a b o r a t o r y  measurements have 
a l s o  been used i n  t h e  s tudy and planning of  f u t u r e  miss ions  (see Sec t ion  VI). 
XI. TEE GgORGIA 'ISCE RADIO UTR0"Y AHD 
PROPAGATIOR (R.A.P. FACILITY 
The b a s i c  conf igu ra t ion  of  t he  p lane tary  atmospheres s imula to r  developed 
a t  Georgia Tech f o r  use i n  measurement of  t h e  microwave a b s o r p t i v i t y  o f  gases  
under s imulated cond i t ions  fo r  p lane tary  atmospheres i s  descr ibed  a t  l eng th  i n  
t h e  previous Annual S t a t u s  Report(s)  f o r  Grant NAGW-533. It i s  a l s o  d iscussed  
a t  l eng th  i n  S t e f f e s  (1986) and S t e f f e s  and Jenk ins  (1987). The most r ecen t  
a d d i t i o n  t o  the  Georgia Tech Radio Astronomy and Propagat ion  F a c i l i t y  has  been 
a Fabry-Perot t y p e  r e sona to r  capable of  o p e r a t i o n  between 30 and 41 G H z .  As 
shown i n  Figure 1, t h e  r e sona to r  c o n s i s t s  of  two gold p l a t ed  m i r r o r s  (one wi th  
a f l a t  s u r f a c e ,  and one with a parabol ic  s u r f a c e )  s epa ra t ed  by a d i s t a n c e  o f  
about 20 cm. The m i r r o r s  are contained i n  a T-shaped g l a s s  pipe which se rves  
a s  a p re s su re  v e s s e l  capable  of  withstanding over  2 a t m  of  pressure .  Each o f  
t he  t h r e e  open ends o f  t h e  pipe is sea led  wi th  an O-ring sandwiched between 
t h e  l i p  o f  t h e  g l a s s  and a f l a t  brass p l a t e  which i s  bo l t ed  t o  an inne r  
f lange .  Electromagnet ic  energy i s  coupled both t o  and from the  r e sona to r  by 
twin ir ises loca ted  on the  s u r f a c e  of t he  f l a t  mi r ro r .  Two s e c t i o n s  of WR-28 
waveguide which are a t t ached  t o  the irises pass  through t h e  b r a s s  p l a t e  t o  t h e  
e x t e r i o r  o f  t h e  p re s su re  v e s s e l .  The end o f  each waveguide s e c t i o n  i s  
pressure-sea led  by a r ec t angu la r  piece o f  mica which is he ld  i n  p lace  by a 
mixture  o f  r o s i n  and beeswax. As shown i n  F igure  2, one of t hese  ends i s  
connected t o  the  sweep o s c i l l a t o r  through a waveguide s e c t i o n .  A Ka-band (26- 
40 GHz) mixer i s  a t t ached  t o  the  other s e c t i o n  of waveguide and is coupled t o  
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the  h igh  r e s o l u t i o n  spectrum analyzer  through a c a l i b r a t e d  s e c t i o n  o f  coax ia l  
cab le .  The e n t i r e  r e sona to r ,  including i t s  g l a s s  p re s su re  envelope, i s  placed 
i n  t h e  temperature  chamber, which is  a low-temperature f r e e z e r  capable  of  
o p e r a t i o n  down t o  150 K. A network o f  s t a i n l e s s  steel  tub ing  and va lves  
connec ts  o t h e r  components such as gas  s t o r a g e  t anks ,  vacuum gauges,  t h e  
p r e s s u r e  gauge, and t h e  vacuum pump t o  t h e  r e sona to r  assembly, so t h a t  each 
component may be  i s o l a t e d  from the system as necessary .  When proper ly  
secured ,  t h e  system i s  capable  of  conta in ing  up t o  two atmospheres o f  pressure  
without d e t e c t a b l e  leakage. The s e n s i t i v i t i e s  (minimum d e t e c t a b l e  o p a c i t i e s )  
p rev ious ly  achievable  with t h i s  system a r e  shown i n  F igure  3 ( s o l i d  l i n e ) .  
However, as previous ly  d iscussed ,  these minimum s e n s i t i v i t i e s  were too  l a r g e  
t o  a l low an unambiguous de te rmina t ion  of  t he  abso rp t ion  spectrum o f  ammonia 
under s imulated Jovian  cond i t ions .  
In order  t o  achieve a b e t t e r  system s e n s i t i v i t y ,  which corresponds t o  a 
h igher  "Q" or  q u a l i t y  f a c t o r  f o r  the Fabry-Perot r e sona to r  ( see  Sec t ion  1111, 
a l l  l o s s e s  i n  the  r e sona to r  must be minimized, s i n c e  the  q u a l i t y  f a c t o r  i s  
de f ined  as 2n times t h e  r a t i o  o f  t h e  average energy s to red  i n  t h e  r e sona to r  t o  
t h e  energy l o s t  (pe r  cyc le )  i n  t h e  resonator .  There are t h r e e  sources  of  l o s s  
which t y p i c a l l y  a f f e c t  a Fabry-Perot r e sona to r  (Co l l in ,  1966): 
(1) R e s i s t i v e  l o s s e s  on the  sur faces  of  t h e  mi r ro r s .  
(2) Coupling l o s s e s  due t o  t h e  energy coupl ing ou t  of t h e  r e sona to r  
through the  irises on the f l a t - su r faced  mi r ro r .  
(3)  D i f f r a c t i o n  l o s s e s  around the s i d e s  o f  t h e  m i r r o r s .  
For previous measurements made a t  f requencies  below 22 GHz (wavelengths 
longer than  1.35 cm), it was found that  t h e  r e s i s t i v e  losses were predominant. 
Th i s  was  because the  measurements were conducted using c y l i n d r i c a l  r e s o n a t o r s ,  
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f o r  which no d i f f r a c t i o n  l o s s e s  ex i s t ed .  (See S t e f f e s  and J e n k i n s ,  1987.) 
Also, coupl ing l o s s e s  were held t o  a minimum by using very  s m a l l  coupl ing  
loops and ir ises.  The predominance of t h e  r e s i s t i v e  l o s s e s  i n  t h e  c y l i n d r i c a l  
r e sona to r s  was demonstrated when such r e sona to r s  were cooled t o  193 K i n  t h e  
atmospheric s imula tor .  S i g n i f i c a n t  improvement i n  the  q u a l i t y  f a c t o r  of  t he  
r e s o n a t o r s  were observed when compared with t h e i r  room tempera ture  va lues .  
This  was c o n s i s t e n t  wi th  the  expected r educ t ion  i n  t h e  r e s i s t i v e  l o s s e s  a t  
lower temperatures .  
When the  newer, h igher  frequency (30 t o  41 GHz) Fabry-Perot r e sona to r  
(F igure  1) was f i r s t  cooled from room temperature  down t o  203 K f o r  t e s t s  
under s imulated Jov ian  cond i t ions ,  i t s  q u a l i t y  f a c t o r  appeared t o  worsen 
r a t h e r  than improve. I n i t i a l l y ,  i t  was thought t h a t  t h i s  might have been 
caused by s e p a r a t i o n  o f  t h e  gold p l a t ing  on the  m i r r o r  s u r f a c e s  from the  back- 
s t r u c t u r e  (which had been machined from aluminum) due t o  d i f f e r e n t i a l  thermal 
c o n t r a c t i o n .  As a r e s u l t ,  new mir rors  were machined ( t o  h igh  t o l e r a n c e )  from 
b r a s s ,  and then were p la t ed  wi th  t i t an ium and then gold ,  t o  a s s u r e  no separa- 
t i o n  would occur.  The performance of t h e  new m i r r o r s  was only  margina l ly  
b e t t e r  when i n s t a l l e d  i n  the  resonator .  Computation o f  t h e  r e s i s t i v e  l o s s e s  
from t h e  m i r r o r s  showed t h a t ,  i n  t h e  absence o f  a l l  o t h e r  losses, t h e  Q o f  our 
Fabry-Perot r e sona to r  should be on t h e  o rde r  o f  250,000; whereas i t s  a c t u a l  Q 
was on the  o rde r  of 10,000. Therefore,  i t  became c l e a r  that  e i t h e r  coupl ing 
l o s s e s  o r  d i f f r a c t i o n  l o s s e s  were the l i m i t i n g  f a c t o r  i n  i t s  performance, and 
t h a t  even the  i n t r o d u c t i o n  o f  high-temperature superconduct ing material would 
not s i g n i f i c a n t l y  improve the  s e n s i t i v i t y  of t h e  system. (Note, however, t h a t  
we are s t i l l  s tudying  the  p o s s i b i l i t y  of us ing  h igh  temperature  supercon- 
d u c t o r s  i n  o u r  Lower frequency, c y l i n d r i c a l  r e s o n a t o r s  i n  o r d e r  t o  o b t a i n  
inc reased  s e n s i t i v i t y  a t  f requencies  below 22 GHz.1 
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I n  o rde r  t o  f u r t h e r  improve t h e  Q u a l i t y  f a c t o r  of  t h e  30 t o  41 GHz 
system, some a d d i t i o n a l  improvements were made. F i r s t ,  a d j u s t a b l e  i r i ses  were 
developed so t h a t  t h e  smal les t  poss ib le  coupl ing  l o s s e s  would occur ,  whi le  
s t i l l  al lowing s u f f i c i e n t  s i g n a l  coupling i n  and out  of t h e  r e sona to r  so as t o  
make a c c u r a t e  a b s o r p t i v i t y  measurements. Since t h e  ir ises are a c t u a l l y  
c i r c u l a r  ho le s  which are placed near t h e  c e n t e r  o f  t h e  f l a t - su r faced  mi r ro r ,  
adjustment of  t h e i r  s i z e s  i s  d i f f i c u l t .  However, two small  metal  s h e e t s  wi th  
V-shaped c u t s  were placed immediately behind each i r is  i n  an a rea  where the  
mi r ro r  s u r f a c e  th i ckness  i s  very  small .  The two s h e e t s  could be moved 
toge the r  or a p a r t  so as t o  ad jus t  t he  e f f e c t i v e  s i z e ,  and t h e r e f o r e  t h e  
coupl ing ,  of each iris. Even when adjusted f o r  minimal coupl ing,  however, t he  
r e s o n a t o r  Q was only s l i g h t l y  improved, sugges t ing  t h a t  d i f f r a c t i o n  l o s s e s  
were t h e  major l i m i t i n g  f a c t o r  t o  system s e n s i t i v i t y .  
D i f f r a c t i o n  l o s s e s  occur due t o  energy being l o s t  around t h e  edges of t h e  
m i r r o r s .  These l o s s e s  can be minimized by a s su r ing  t h a t  both m i r r o r s  a r e  
o r i e n t e d  d i r e c t l y  toward each o the r  ( i . e . ,  t h e  c e n t e r l i n e s  fo r  each mi r ro r ,  
which are or thogonal  t o  the  p lanes  of each  m i r r o r  at t h e i r  c e n t e r p o i n t s ,  must  
be c o l i n e a r ) .  Since t h e  pos i t i on ing  o f  t h e  m i r r o r s  can vary with temperature ,  
due t o  thermal c o n t r a c t i o n  or expansion o f  m e t a l l i c  mounting s t r u c t u r e s ,  t h e  
temperature  dependence o f  t h e  q u a l i t y  f a c t o r  which has  been observed i s  
c o n s i s t e n t  with a system which i s  l imi ted  by d i f f r a c t i o n  losses. 
Two approaches can be used t o  minimize d i f f r a c t i o n  lo s ses .  The f i r s t  
i nvo lves  p r e c i s e  po in t ing  of t he  mirrors .  Th i s  was accomplished by d i r e c t i n g  
t h e  beam of a helium-neon l a s e r  through t h e  input  waveguide and ir is  and i n t o  
the r e sona to r .  Mirror  p o s i t i o n e r  screws could then  b e  ad jus t ed  so t h a t  t he  
r e f l e c t e d  beam focused p r e c i s e l y  on t h e  output  i r is .  Since the pa rabo l i c  
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mirror  has  a p r e c i s e l y  def ined  focus,  adjustment  of  i t s  exac t  p o s i t i o n  i s  f a r  
more c r i t i c a l  than t h a t  o f  the  f l a t  mirror .  The second technique f o r  reducing 
d i f f r a c t i o n  l o s s  i nvo lves  t h e  use o f  l a r g e r  m i r r o r s  i n  t h e  r e sona to r .  
However, because of s i z e  l i m i t a t i o n s  set by our p re s su re  v e s s e l ,  we are unable 
t o  s i g n i f i c a n t l y  i n c r e a s e  the  s i z e  of t h e  m i r r o r s  i n  our system. 
Overall, our e f f o r t s  dur ing  the f i r s t  h a l f  o f  t h i s  g ran t  year a t  
improving the  q u a l i t y  f a c t o r  of  o u r  30 t o  41 GHz Fabry-Perot r e sona to r  have 
been s u c c e s s f u l ,  but  i n  themselves have not been enough t o  provide the  needed 
inc rease  i n  system s e n s i t i v i t y .  However, s i n c e  a b s o r p t i v i t y  i s  measured by 
monitor ing t h e  change i n  the  q u a l i t y  f a c t o r  of  t he  r e sona to r  which i s  caused 
by t h e  absorbing gas  mixture ,  improvements i n  our measurement technique,  
desc r ibed  i n  Sec t ion  111, have allowed us t o  achieve t h e  r equ i r ed  system 
s e n s i t i v i t y .  
111. EXPEEDIEWUL APPROACH 
The approach used t o  measure the microwave a b s o r p t i v i t y  of  test gases  i n  
an €$/He atmosphere i s  similar t o  tha t  used previous ly  by S t e f f e s  and Jenk ins  
(1987)  f o r  s imulated Jovian  atmospheres. A t  f r equenc ie s  between 30 and 
41 GHz, t h e  changes i n  the  Q of  the numerous resonances o f  t h e  Fabry-Perot 
r e s o n a t o r  ( see  F igure  2)  are r e l a t e d  t o  the  a b s o r p t i v i t y  of t h e  test g a s  
mixture  a t  these  f requencies .  The changes i n  the  Q o f  t h e  resonances which 
are induced by the  i n t r o d u c t i o n  o f  an absorbing gas  mixture  can be  monitored 
by t h e  h igh  r e s o l u t i o n  microwave spectrum analyzer ,  s i n c e  Q i s  simply t h e  
r a t i o  o f  t h e  c a v i t y  resonant  frequency t o  i t s  half-power bandwidth. For 
r e l a t i v e l y  low-lose gas  mixtures ,  the r e l a t i o n  between t h e  a b r o r p t i v i t y  o f  t h e  
gas mixture and i t s  e f f e c t  on t h e  Q of a resonance is s t r a igh t fo rward :  
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where a is  a b s o r p t i v i t y  o f  t h e  gas mixture  i n  
example, t h a t  an a t t e n u a t i o n  constant  o r  absorp 
Nepers km-'. (Note, f o r  
i on  c o e f f i c i e r  o r  absorp- 
t i v i t y  of 1 Neper km-I = 2 o p t i c a l  depths per km (or  km'l) = 8.686 dB km", 
where t h e  f i r s t  n o t a t i o n  i s  t h e  na tu ra l  form used i n  e l e c t r i c a l  engineer ing ,  
the  second i s  the  usual  form i n  physics and astronomy, and the  t h i r d  i s  the  
common ( loga r i thmic )  form. The t h i r d  form is  o f t e n  used i n  o rde r  t o  avoid a 
p o s s i b l e  factor-of-two ambiguity i n  meaning.) QL i s  the  q u a l i t y  f a c t o r  of  t h e  
c a v i t y  r e sona to r  when the  gas  mixture is  p resen t ,  Q i s  t h e  q u a l i t y  f a c t o r  of 
t h e  resonance i n  a vacuum, and X i s  the wavelength ( i n  km) of  the  test s i g n a l  
i n  the  gas  mixture .  
I n  t he  f i r s t  h a l f  of  t h i s  grant  year ,  we have at tempted t o  make high 
accuracy measurements o f  t he  m i l l i m e t e r r a v e  abso rp t ion  from gaseous ammonia 
(NH3) i n  a 90% H2/10% He atmosphere a t  a temperature  o f  203 K. While even 
lower temperatures  could be achieved, t he  need t o  avoid the  r i s k  o f  ammonia 
condensa t ion  kept our ope ra t ing  temperatures r e l a t i v e l y  high.  As i n  t he  
prev ious  experiments ,  t h e  bandwidth and c e n t e r  f requencies  o f  each o f  s eve ra l  
resonances between 32 and 41 GHz were measured i n  a vacuum. Next, 28 t o r r  of 
gaseous ammonia i s  added t o  t h e  syetem. The p res su re  o f  t h e  ammonia gas  i s  
measured wi th  t h e  high-accuracy thermocouple vacuum gauge, as shown i n  
F igure  2. 
I n  add i t ion ,  t h e  ammonia abundance can be monitored by measuring r e f r ac -  
t i v i t y  o f  t h e  introduced gas .  Since t h e  index o f  r e f r a c t i o n  ( r e l a t i v e  t o  
u n i t y )  is p ropor t iona l  t o  the  cmnnonia gas  abundance, t h e  a b i l i t y  o f  t h e  system 
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t o  a c c u r a t e l y  measure r e f r a c t i v i t y  (through measurement o f  t h e  frequency s h i f t  
o f  resonances)  can be used t o  i n f e r  the  r e l a t i v e  vapor abundance or p re s su re .  
Note t h a t  i t  i s  not  ye t  poss ib l e  t o  use t h i s  approach f o r  t he  accu ra t e  
de t e rmina t ion  of abso lu te  NH3 pressure s i n c e  accu ra t e  r e f r a c t i v i t y  d a t a  f o r  
t h e  7.3 t o  10  nnn wavelength range i s  not  a v a i l a b l e .  ( I n  f a c t ,  by using our 
thermocouple vacuum gauge, we have made measurements o f  t h e  density-normalized 
r e f r a c t i v i t y  o f  gaseous ammonia a t  39 GHz, and found i t  to  be  8.8 x 
N-units/molecule/cm, which i s  near ly  8 t i m e s  t h e  va lue  a t  o p t i c a l  
wavelengths.)  
Next, 1.8 atm of hydrogen (H2) and 0.2 a t m  of helium (He) are added t o  
t h e  chamber, b r ing ing  the  t o t a l  pressure t o  2 a t m .  The bandwidth of each 
resonance i s  then  measured and compared wi th  i t s  va lue  when the  chamber was 
evacuated i n  o rde r  t o  determine the  a b s o r p t i v i t y  of t h e  gas  mixture  a t  2 atm 
t o t a l  p ressure .  The t o t a l  p ressure  is then  reduced, by vent ing ,  t o  1 atm, and 
t h e  bandwidths are aga in  measured.  F i n a l l y ,  t he  p re s su re  ves se l  i s  aga in  
evacuated and the  bandwidths again measured 80 as t o  a s s u r e  no v a r i a t i o n  of  
t h e  Q's of  t h e  evacuated resonator  has  occurred.  As with the  previous 
measurements, t h e  measured changes of  bandwidths ( Q ' s )  can then b e  used t o  
compute t h e  a b s o r p t i v i t y  o f  t h e  gas  mix tu res  a t  each o f  t h e  resonant  
f requencies .  
Th i s  approach has t h e  advantage t h a t  t h e  same gas  mixture  is used f o r  t he  
a b s o r p t i v i t y  measurements a t  the  var ious p re s su res .  Thus, even though some 
small u n c e r t a i n t y  may ex i s t  as t o  the mixing r a t i o  o f  the i n i t i a l  mixture ,  t h e  
mixing r a t i o s  a t  a l l  p re s su res  a r e  the same, and thus  the  u n c e r t a i n t y  for any 
der ived  p res su re  dependence i s  due only t o  the  accuracy l i m i t s  o f  t h e  absorp- 
t i v i t y  measurements, and not t o  unce r t a in ty  i n  t h e  mixing r a t i o .  (This 
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assumes t h a t  t h e  mixing r a t i o  is  small, so t h a t  foreign-gas broadening 
predominates,  a s  i s  t h e  case  fo r  our measurements.) S i m i l a r l y ,  measurements 
o f  t h e  frequency dependence o f  t h e  a b s o r p t i v i t y  from the  mixture  would l i ke -  
w i s e  be immune t o  any mixing r a t i o  unce r t a in ty ,  s i n c e  foreign-gas broadening 
predominates.  
For the  measurements descr ibed ,  t h e  amount o f  abso rp t ion  being measured 
Thus, any e r r o r s  i n  measurements of  ( o r  o t h e r  changes i n )  i s  extremely small. 
t h e  apparent  bandwidth of t h e  resonances,  not caused by t h e  absorbing gases ,  
could lead  t o  s i g n i f i c a n t  e r r o r s  i n  the  abso rp t ion  measurement. The c o n t r i -  
but i on  of  ins t rumenta l  e r r o r s  and noise-induced e r r o r s  on such a b s o r p t i v i t y  
measurements have been d iscussed  at l eng th  i n  S t e f f e s  and Jenkins  (1987). 
However , because our  l a t e s t  measurements r e p r e s e n t  such small percentage 
changes i n  bandwidth, another  instrumental  source of  e r r o r  which we r e f e r  t o  
a s  d i e l e c t r i c  loading becomes a concern. 
As can be seen i n  Figure 2, the r e sona to r ,  which o p e r a t e s  a s  a bandpass 
f i l t e r ,  i s  connected t o  a s i g n a l  source ( t h e  mi l l imeter -wave  sweep o s c i l l a t o r )  
and t o  a s igna l  r e c e i v e r  ( t h e  h igh- reso lu t ion  spectrum ana lyze r ) .  The "Q" of  
the  r e sona to r ,  which is def ined  a s  the r a t i o  o f  energy s t o r e d  i n  t h e  r e sona to r  
t o  the  energy lost per cyc le ,  equa l s  t h e  r a t i o  of  resonant  c e n t e r  frequency t o  
resonance half-power bandwidth. It i s  not s u r p r i s i n g ,  t h e r e f o r e ,  t h a t  t h e  
s t r o n g e r  the  coupl ing between the  resonator  and the  spectrum analyzer  o r  sweep 
o s c i l l a t o r ,  t h e  lower w i l l  be t h e  Q of  t h e  resonance,  s i n c e  more energy w i l l  
be  l o s t  per c y c l e  through t h e  waveguides connec t ing  the  r e sona to r  t o  t h e  
spectrum analyzer  and sweep o s c i l l a t o r .  For t h i s  reason,  we have always 
designed our r e s o n a t o r s  (both t h e  coaxial ly-coupled c y l i n d r i c a l  c a v i t y  
r e s o n a t o r s  used below 25 GHz and the waveguide-coupled Fabry-Perot r e s o n a t o r  
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used above 30 GRz)  with  minimal coupling, so as t o  maximize Q and t o  minimize 
t h e  changes i n  Q t h a t  might r e s u l t  from changes i n  coupl ing  t h a t  occur  when 
gases  a r e  introduced i n t o  the  resonators .  It should be noted t h a t  these  
changes i n  coupl ing,  which are due to  the  presence o f  t h e  test gas m i x t u r e s ,  
are not r e l a t e d  t o  the  a b s o r p t i v i t y  of t h e  gases ,  but  r a t h e r  t o  t h e  d i e l e c t r i c  
cons t an t  or p e r m i t t i v i t y  of t h e  test  gas  mixtures .  (Hence, t h e  term 
'I d i e  1 e c t r i c 1 oad ing  . " 
We have always s t r i v e d  t o  design t h e  coupl ing elements  of  t h e  r e s o n a t o r s  
so t h a t  the  changes i n  l o s s l e s s  test gas  abundances (and r e s u l t i n g  changes i n  
d i e l e c t r i c  cons t an t )  had l i t t l e  o r  no e f f e c t  on t h e  Q o f  t h e  r e sona to r  as 
measured i n  the  system. This  has been no small f e a t  i n  t h a t  s l i g h t  imper- 
f e c t i o n s  i n  r e sona to r s ,  c a b l e s ,  coupling loops,  o r  waveguides can make the  
apparent  Q o f  t he  r e sona to r  appear t o  vary  with t h e  abundance of  such l o s s l e s s  
gases .  It has  now become a standard pa r t  of o u r  experimental  procedure t o  
r e p e a t  abso rp t ion  measurements f o r  gas mixtures  i n  which the  absorbing gas  i s  
a minor c o n s t i t u e n t ,  without  t h e  absorbing gas  p re sen t .  For example, a f t e r  
measurements were made o f  t h e  microwave and mil l imeter-wave abso rp t ion  from 
ammonia as a minor c o n s t i t u e n t  i n  an H2/Re atmosphere,  measurements o f  t h e  
apparent  abso rp t ion  o f  t he  H2/He atmosphere without t he  ammonia gas  were made. 
S ince ,  f o r  t he  p re s su res  and wavelengths involved,  t h e  R2/He atmosphere is 
e s s e n t i a l l y  t r anspa ren t ,  no absorpt ion was expected.  I f  any apparent  absorp- 
t i o n  was de tec t ed ,  " d i e l e c t r i c  loading,'' or a change i n  coupl ing  due t o  t h e  
d i e l e c t r i c  p r o p e r t i e s  o f  t h e  gases, was ind ica t ed .  
I n i t i a l l y ,  i f  any evidence of d i e l e c t r i c  loading  e x i s t e d ,  t h e  experiments  
vere terminated and t h e  appa ra tus  disassembled, i nc lud ing  p res su re  seals. The 
c a b l e s  and coupl ing loops were then  r ead jus t ed ,  and t h e  system reassembled and 
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t e s t e d  again.  The e n t i r e  procedure was repea ted  u n t i l  t he  d i e l e c t r i c  loading 
e f f e c t  was e l imina ted  o r  minimized. I f  some small  v a r i a t i o n  i n  t h e  resonant  Q 
o r  bandwidth due t o  the  presence o f  t h e  non-absorbing gases  s t i l l  remained, it 
was added t o  the  u n c e r t a i n t y  o r  e r r o r  b a r s  fo r  each experiment.  More r e c e n t l y  
however, we have found t h a t  the  e f f e c t s  o f  d i e l e c t r i c  loading  are a d d i t i v e ,  i n  
t h a t  they  add t o  t h e  apparent  changes o f  r e sona to r  bandwidth caused by t h e  
absorbing gases .  Thus, as long as the e f f e c t s  o f  d i e l e c t r i c  loading are not 
t i m e  v a r i a b l e ,  they can be removed by using the  measured va lue  of  t h e  Q of a 
resonance with the  non-absorbing gases present  ( i n s t e a d  of  t h e  Q of  t h e  
resonance i n  a vacuum) f o r  the  quant i ty  Qc i n  equa t ion  ( 1 ) .  
Another p o t e n t i a l  source of ins t rumenta l  e r r o r  which we have r e c e n t l y  
de t ec t ed  has t o  do wi th  n o n l i n e a r i t i e s  i n  the  spectrum ana lyze r  d i s p l a y .  We 
have found t h a t  depending on the  v e r t i c a l  p o s i t i o n  of  t h e  bandpass spectrum on 
the spectrum analyzer  CRT d i s p l a y ,  t h e  peak s i g n a l  l e v e l  (and, t h e r e f o r e ,  t he  
apparent  half-power bandwidth and r e s u l t i n g  q u a l i t y  f a c t o r )  of  t h e  r e sona to r  
seems t o  vary s l i g h t l y .  This  is due t o  n o n l i n e a r i t i e s  i n  t h e  CRT v e r t i c a l  
d e f l e c t i o n  ampl i f i e r .  We have minimized t h i s  p o t e n t i a l  e r r o r  by always 
r e s e t t i n g  t h e  v e r t i c a l  p o s i t i o n  o f  t h e  d i sp layed  spectrum t o  the  same p o r t i o n  
o f  t h e  CRT screen .  
As previous ly  d i scussed ,  once a test gas  mixture  i s  formed i n  the  
p re s su re  v e s s e l ,  t he  same mixture  is  used f o r  measurement o f  absorp t ion  a t  
s e v e r a l  f requencies  and pressures .  Thus, even though some u n c e r t a i n t y  i n  
a b s o l u t e  mixing r a t i o  ex i s t s ,  the  pressure  and frequency dependences o f  t he  
mill imeter-wave abso rp t ion  can b e  measured t o  h igh  accuracy.  However, i n  
o rde r  to  proper ly  c h a r a c t e r i z e  t h e  magnitude o f  t h e  abso rp t ion ,  t h e  annnonia 
mixing r a t i o  must be known prec ise ly .  Using t h e  h igh  accuracy thermocouple 
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vacuum gauge shown i n  F igure  2, the a c t u a l  NH3 mixing r a t i o  can only  be 
determined t o  an accuracy o f  t20% of i t s  va lue .  (Note: This corresponds t o  
(1.85 j: 0.37)% NH3 volume mixing r a t i o . )  However, s i n c e  our  r equ i r ed  o v e r a l l  
accuracy f o r  t h e  NH3 a b s o r p t i v i t y  measurement i s  *20%, t h i s  mixing r a t i o  
u n c e r t a i n t y  i s  excess ive .  In orde r  t o  reduce t h i s  u n c e r t a i n t y ,  we arranged 
f o r  a l o c a l  gas  products  s u p p l i e r  (Matheson Gas Products)  t o  provide us wi th  a 
pre-mixed hydrogen/helium/ammonia atmosphere which was analyzed with a mass 
spectrometer  so t h a t  mixing r a t i o  accurac ies  o f  b e t t e r  t han  2% ( i . e . ,  (1.85 
*.04)%) were obta ined .  We have used t h i s  mix ture  (1.85% NH3, 9.81% H e ,  and 
88.34% H 2 >  fo r  t he  high accuracy a b s o r p t i v i t y  measurements which are r equ i r ed  
t o  a c c u r a t e l y  i n f e r  ammonia abundance from mill imeter-wave opac i ty  d a t a  f o r  
t h e  Jovian p l a n e t s .  
IV. RESULTS OF IdBOEATCRY MEASUREKENTS 
ARD THEIR APPLICATION 
I n i t i a l  measurements of  t h e  7 . 5  t o  9.2 mm a b s o r p t i v i t y  from NH3 i n  a 
hydrogen/helium atmosphere were conducted a t  203 K as descr ibed  i n  
Sec t ion  111, wi th  an ammonia mixing r a t i o  o f  0.0186, at p res su res  of 1 and 
2 Bars. An examinat ion of t h e s e  e a r l y  experimental  r e s u l t s  revea led  t h a t  
because of  l a r g e  e r r o r  b a r s ,  we could not determine whether t h e  modified Ben- 
Reuven l ineshape  b e s t  descr ibed  the abso rp t ion  p r o f i l e  o f  gaseous ammonia 
shortward of  1 cm, as d iscussed  i n  Sect ions I and 11. As a resu l t ,  we have 
undertaken h igher  accuracy measurements i n  t h e  f i r s t  h a l f  of t h i s  c u r r e n t  
g ran t  year .  
R e s u l t s  of  measurements o f  t h e  32 t o  40 G?iz (7 .5  t o  9.2  mm) a b s o r p t i v i t y  
of gaseous aamonia under s imulated Jov ian  cond i t ions  (203 K) are shown i n  
F igure  4. These measurements were made us ing  a 88.34% hydrogen/9.81% helium 
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atmosphere wi th  a t o t a l  p re s su re  of 2 Bars. The ammonia mixing r a t i o  was 
0.0185. Tr iangular  p o i n t s  r ep resen t  measurements o f  gas  mix tu res  formed using 
t h e  thermocouple vacuum gauge (NH3 mixing r a t i o  accuracy = k20X of  i t s  va lue)  
and t h e  c i r c u l a r  p o i n t s  r ep resen t  measurements of  t he  p r e m i x e d ,  analyzed gas  
mixture  descr ibed  i n  Sec t ion  111. With t h i s  mixing r a t i o ,  t empera tures  as low 
as 190 K could have been used before  s a t u r a t i o n  would have become a problem, 
but  203 K was used so a s  t o  be cons i s t en t  with e a r l i e r  measurements. 
Also, shown i n  F igure  4 are s o l i d  l i n e s  which r ep resen t  t h e  
theoret ical ly-computed opac i ty  using the  Van Vleck-Weisskopf l i neshape  (upper 
l i n e ) ,  t h e  modified Ben-Reuven l ineshape  (middle l i n e ) ,  and t h e  Zhevakin- 
Naumov l ineshape  (lower l i n e ) .  The Van Vleck-Weisskopf c a l c u l a t i o n  was 
performed using l i newid ths  and l i n e  i n t e n s i t i e s  as per Wrixon -- et  a l . (1971). 
The Ben-Reuven c a l c u l a t i o n  was made as per Serge and Gulkis  (19761, by 
employing a Ben-Reuven l ineshape  which has  been modified so as t o  be cons is -  
t e n t  wi th  the  l abora to ry  r e s u l t s  of Morr is  and Parsons  (19701, i n  which the  
9.58 GHz absorp t ion  from NH3 ( i n  a high pressure  H2/He  atmosphere) a t  room 
temperature  was measured. The Zhevakin-Naumov c a l c u l a t i o n  used the  l ineshape  
of Zhevakin and Naumov (1967) and l inewidths  and l i n e  i n t e n s i t i e s  from Wrixon 
-- e t  a l .  (1971). These t h e o r e t i c a l  s p e c t r a  were computed us ing  genera l ized  
computer programs f o r  which t h e  p a r t i a l  p re s su res  from H2, H e ,  and NH3, a s  
w e l l  as frequency and temperature ,  were a d j u s t a b l e  v a r i a b l e s .  The va lues  
picked €or t h e s e  v a r i a b l e s  matched our experimental  cond i t ions .  
I n s p e c t i o n  o f  t h e  r e s u l t s  i n  Figure 4 shows t h a t  most o f  t h e  measured 
d a t a  p o i n t s  l i e  nearest t o  t h e  theo re t i ca l ly -de r ived  a b s o r p t i v i t y  express ion  
based on t h e  Zhevakin-Naumov l ineshape.  This  d i f f e r s  from our pre l iminary  
measurements which suggested t h a t  the ammonia o p a c i t y  might a c t u a l l y  exceed 
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t h a t  i n d i c a t e d  by t h e  modified Ben-Reuven l ineshape .  Such r e s u l t s  are not 
s u r p r i s i n g ,  however, i n  t h a t  t h e  accuracy o f  t h e  new measurements i s  f a r  
g r e a t e r  than t h a t  from previous measurements. It i s  a l s o  noteworthy t h a t  
o t h e r  r e s e a r c h e r s ,  such a s  de Pater and Massie (19851, have found t h a t  i n  
o r d e r  t o  b e s t  exp la in  t h e  1-10 mm J u p i t e r  emission spectrum, a d i f f e r e n t  sort 
of  l i neshape  was needed t o  c h a r a c t e r i z e  t h e  ammonia opac i ty .  Likewise,  
previous l abora to ry  measurements of NH3 o p a c i t y  a t  f r equenc ie s  below 22 GHz 
showed o p a c i t i e s  less than those ind ica ted  by t h e  modif ied Ben-Reuven l i n e -  
shape under the  same cond i t ions  of temperature  and p res su re  ( S t e f f e s  and 
Jenkins ,  1987). Since even l a r g e r  v a r i a t i o n s  from e i t h e r  t h e  modified Ben 
Reuven formula t ion  or t he  Van Vleck-Weisskopf formulat i on  f o r  a m o n i a  opac i ty  
a r e  expected a t  s h o r t e r  mi l l imeter -wavelengths ,  we hope t o  p u r s u e  f u r t h e r  
l a b o r a t o r y  measurements, e s p e c i a l l y  near  3 . 2  mm (94 G H z ) ,  where a l a r g e r  
number o f  obse rva t ions  of  t h e  e m i s s i o n  from the  o u t e r  p l a n e t s  have been made. 
A b e t t e r  knowledge of  t h e  millimeter-wave abso rp t ion  p r o p e r t i e s  o f  "3 i s  
e s s e n t i a l ,  not only t o  he lp  b e t t e r  c h a r a c t e r i z e  t h e  d i s t r i b u t i o n  and abundance 
o f  ammonia a t  h igh  l e v e l s  i n  Jovian atmospheres,  but  t o  make i t  poss ib l e  t o  
r e so lve  the  c o n t r i b u t i o n s  from other  absorbing c o n s t i t u e n t s  such as H 2 S  ( s e e  
Bezard et a1 1983). Our goal  t o  b e t t e r  c h a r a c t e r i z e  t h e  millimeter-wave 
abso rp t ion  spectrum of  ammonia w i l l  not only involve inc reas ing  t h e  range o f  
f r equenc ie s  over which measurements a r e  made, but t o  inc rease  the  s e n s i t i v i t y  
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of  t h e  measuring systems. 
V. OBSEPVATIOMAL AED ~ R P R E T I V E  STUDIES 
As descr ibed  i n  the  prev ious  Annual S t a t u s  Report for Grant HAW-533 
(February 1, 1987 through January 31, 19881, s t u d i e s  o f  our r e c e n t  measure- 
ments o f  t h e  1.35 t o  3.6 cm emission from Venus have suggested t h a t  long t e r m  
temporal and/or s i g n i f i c a n t  s p a t i a l  v a r i a t i o n s  i n  the  abundances of SO2 and 
gaseous H2S04 may occur  imnediately below t h e  main cloud l a y e r  (48 km and 
below). Our observa t ion ,  which was predominantly of  e q u a t o r i a l  and mid- 
La t i tude  r eg ions  of Venus, i nd ica t ed  a s i g n i f i c a n t l y  lower SOp abundance than 
was measured i n  1978 by t h e  Pioneer-Venus Sounder Probe, and a lower average 
abundance of  gaseous H2SO4 than  would have been i n f e r r e d  from ear l ier  Pioneer- 
Venus r a d i o  o c c u l t a t i o n  s t u d i e s  o f  subcloud o p a c i t y  a t  13 cm. Some or a l l  o f  
t h i s  d i f f e r e n c e  may b e  due t o  s p a t i a l  v a r i a t i o n s  i n  the  subcloud H2SO4 
abundance s i n c e  most o f  t h e  early Pioneer-Venus resu l t s  were fo r  p o l a r  
l a t i t u d e s  (Cimino, 1982). S imi la r ly ,  our  resul ts  may be c o n s i s t e n t  with the  
ear l ie r  e q u a t o r i a l  13 cm r a d i o  o c c u l t a t i o n  o p a c i t y  measurements made wi th  the  
Mariner 10  spacec ra f t  (Lipa and Tyler,  19791, where the  peak opac i ty  would 
correspond t o  a ve ry  l a r g e  abundance of  gaseous H2S04, but  t he  average 
subcloud opac i ty  was s i g n i f i c a n t l y  lower. 
One important t o o l  f o r  eva lua t ing  these  e f f e c t s  is t he  r educ t ion  of t h e  
microwave d a t a  from t h e  1986-87 Pioneer-Venus r a d i o  o c c u l t a t i o n  measurements. 
This  d a t a  was taken over  a wide range o f  l a t i t u d e s  and could be c r i t i c a l  f o r  
determining whether temporal v a r i a t i o n s  o r  s p a t i a l  v a r i a t i o n s  i n  gaseous H2S04 
abundance could be occurr ing .  Working wi th  Dr. Arvydas J. Kl io re  (P-V 
Radioscience Leader),  our  group has  obtained t h e  c u r r e n t l y  unreduced d a t a  and 
(working at J P L )  has begun reducing t h e  d a t a  t o  o b t a i n  a b s o r p t i v i t y  p r o f i l e s  
f o r  t h e  1986-87 epoch. 
Over t h e  next year ,  we w i l l  reduce d a t a  obta ined  from the  F a l l  1986/ 
Winter 1987 Pioneer-Venus Radio Occul ta t ion  Observat ions.  S ince  the i n i t i a l  
conve r s ion  from amplitude and doppler ( f requency)  d a t a  t o  r e f r a c t i v i t y  and 
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a b s o r p t i v i t y  p r o f i l e s  can be most e f f i c i e n t l y  completed a t  JPL, we have made 
arrangements t o  send graduate  s tudents  t o  JPL f o r  t h i s  a c t i v i t y .  Support f o r  
t r a v e l  and s tuden t  sa lar ies  fo r  t he  reduct ion  e f f o r t  a t  JPL has  been obta ined  
from t h e  Pioneer-Venus Guest Inves t iga to r  Program. 
S ince  the  o v e r a l l  e f f o r t  i s  of l i m i t e d  scope, we have s e l e c t e d  a small 
number of r a d i o  o c c u l t a t i o n s  which are spread over a range of l a t i t u d e s  from 
po la r  t o  e q u a t o r i a l .  We w i l l  co r r ec t  t h e  "raw" r a d i o  o c c u l t a t i o n  d a t a  
(ampli tude and doppler )  f o r  spacec ra f t  motions,  frequency d r i f t ,  and f o r  
antenna poin t ing  inaccurac i e s ,  i n  order  t o  then  i n v e r t  t h e  d a t a  t o  o b t a i n  
r e l i a b l e  r e f r a c t i v i t y  and a b s o r p t i v i t y  p r o f i l e s .  Since the  Pioneer-Venus 
O r b i t e r  can no longer  be pos i t ioned  to t r a c k  t h e  p l ane ta ry  limb dur ing  occul- 
t a t i o n s  and because of spacec ra f t  "wobble," use of  t he  3.6 cm wavelength has  
been extremely l imi t ed .  This  i s  not a severe  c o n s t r a i n t ,  however, s i n c e  under 
opt imal  cond i t ions  the  3 .6  cm wavelength can probe no deeper than  50 km 
a l t i t u d e  (Cimino, 19821, and we a r e  most i n t e r e s t e d  i n  a l t i t u d e s  below 48 km. 
Af t e r  t he  i n i t i a l  r educ t ion ,  we hope t o  have dependable 13 cm wavelength 
r e f r a c t i o n  and abso rp t ion  p r o f i l e s  f o r  a range o f  a l t i t u d e s  i n  t h e  Venus 
atmosphere reaching  down t o  38 km and f o r  l a t i t u d e s  ranging from e q u a t o r i a l  t o  
po la r .  Figure 5 shows a prel iminary 13 cm a b s o r p t i v i t y  p r o f i l e  der ived  from 
r a d i o  d a t a  obtained dur ing  the  en t ry  o c c u l t a t i o n  of Orb i t  2801 on August 6 ,  
1986. (Note: This  i s  t h e  f i r s t  such a b s o r p t i v i t y  p r o f i l e  which has  been 
der ived  s i n c e  Orbi t  358 - November 28, 1 9 7 9 . )  This  o c c u l t a t i o n  probed t h e  
Venus atmosphere a t  52" l a t i t u d e  and t h e  r a y  pa th  t r ave r sed  mainly t h e  n ight  
r i d e  o f  the  p l ane t .  For t h i s  o r b i t ,  the  spacec ra f t  s i g n a l  was  only r e c e i v a b l e  
a t  the  Goldstone DSS-14 r e c e i v e r  down t o  a p e r i a p s i s  a l t i t u d e  o f  43.7 km 
be fo re  r e c e i v e r  lock was l o s t .  (This assumes a p lane ta ry  r a d i u s  of 6052 km.) 
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It i s  hoped t h a t  o t h e r  o r b i t s  may be  found which probe deeper  i n t o  the  
atmosphere be fo re  l o s s  of s i g n a l ,  b u t  because t h e  Pioneer-Venus steerable 
antenna no longer  t r a c k s  t h e  limb of t h e  p l ane t  ( t h e  d i r e c t i o n  t h e  r a d i o  ray  
t r a v e l s  back t o  e a r t h )  dur ing  the o c c u l t a t i o n ,  t h e  r e s u l t i n g  lower s i g n a l  
l e v e l  may prevent  probing deeper than t h e  40 km a l t i t u d e .  
To show the  use fu lness  of t h e  13 cm opac i ty  d a t a  f o r  i n f e r r i n g  t h e  n a t u r e  
o f  t h e  gaseous H2SO4 abundance, we compare i n  F igure  6 t h e  measured absorp- 
t i v i t y  p r o f i l e  from o r b i t  2801N wi th  t h a t  a b s o r p t i v i t y  which would r e s u l t  from 
a s a t u r a t i o n  abundance of  gaseous H2S04 (from S t e f f e s ,  1985) i n  the  43 t o  
5 5  km a l t i t u d e  range. It can be seen t h a t  f o r  a l t i t u d e s  i n  t h e  49 t o  51 km 
a l t i t u d e  range ( t h e  nominal a l t i t u d e  range  of t h e  Venus lower cloud - see  
Ragent and Blamont, 19801, a b s o r p t i v i t y  va lues  c l o s e  t o  those  caused by a 
s a t u r a t i o n  abundance o f  gaseous H2S04 a r e  seen. A t  lower a l t i t u d e s ,  most 
va lues  f o r  a b s o r p t i v i t y  are below t h o s e  caused by a s a t u r a t i o n  abundance. It 
should be noted t h a t  e r r o r  b a r s  for t h i s  p re l imina ry  a b s o r p t i v i t y  d a t a  have 
not ye t  been computed, but  are expected t o  be  on t h e  o rde r  of  i0.001 dB/km 
(to. 00023 km-' 1. 
Figure  7 shows t h e  f u l l  ex ten t  t o  which a p p l i c a t i o n  of our  l a b o r a t o r y  
r e s u l t s  can be c a r r i e d .  The abundance o f  gaseous H 2 S 0 4  (der ived from t h e  
a b s o r p t i v i t y  p r o f i l e  i n  Figure 5 by us ing  l a b o r a t o r y  r e s u l t s  from S t e f f e s ,  
19851 is p l o t t e d  as a func t ion  o f  a l t i t u d e ,  a long wi th  a p l o t  o f  t he  s a t u r -  
a t i o n  abundance o f  gaseous H2SO4, for comparison. As our  work i n  the  Pioneer- 
Venus Guest I n v e s t i g a t o r  Program y ie lds  more a b s o r p t i v i t y  p r o f i l e s  f o r  a wide 
range  of l o c a t i o n s  i n  t h e  Venus atmoephere, we hope t o  be a b l e  t o  well charac- 
ter ize  the  abundance, s t r u c t u r e ,  and s p a t i a l  v a r i a t i o n s  o f  gaaeous H2S04 i n  
t h e  Venus atmosphere. W e  a l s o  hope t o  make comparat ive s t u d i e s  w i t h  ear l ier  
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r a d i o  o c c u l t a t i o n  measurements i n  order t o  d e t e c t  p o s s i b l e  temporal v a r i a t i o n s  
i n  H2S04 abundance and s t r u c t u r e .  
I n  the  f i r s t  h a l f  of t h e  cur ren t  g ran t  year ,  a paper was completed and 
accepted f o r  p u b l i c a t i o n  i n  I c a r u s ,  d e s c r i b i n g  r e su l t s  and a p p l i c a t i o n s  of 
some experiments performed during the previous year  of Grant NAGW-533 ( Jenkins  
and S t e f f e s ,  1988). This  paper desc r ibes  l a b o r a t o r y  measurements of t h e  
microwave absorp t ion  o f  methane (CH4) and water vapor (H20) under s imulated 
Jovian  cond i t ions .  The paper a l s o  concludes,  t h a t  based on t h e s e  l abora to ry  
resul ts ,  n e i t h e r  methane nor water vapor can be r e spons ib l e  f o r  t he  excess  
microwave o p a c i t y  de t ec t ed  a t  wavelengths between 10 and 20 cm i n  t he  
atmosphere of  J u p i t e r .  This supports  t h e  presence of  an ammonia abundance 
which exceeds s o l a r  abundance by a f a c t o r  of 1.5 i n  t h e  2 t o  6 Bar l e v e l s  i n  
J u p i t e r ' s  atmosphere. 
I n  add i t ion ,  as d iscussed  i n  Sect ion I, we have j u s t  completed a paper 
d e s c r i b i n g  obse rva t ions  and i n t e r p r e t i v e  s t u d i e s  of t h e  1.3 t o  3.6 c m  Venus 
emiss ion  spectrum ( S t e f f e s  e t  a l . ,  1988). Likewise,  a paper desc r ib ing  t h e  
r e s u l t s  and a p p l i c a t i o n s  o f  t he  l abora to ry  measurements of  t h e  mil l imeter-wave 
o p a c i t y  o f  ammonia descr ibed  i n  Sect ion I V  i s  c u r r e n t l y  i n  p repa ra t ion .  We 
a l s o  submit ted updated summaries of our  most r ecen t  l a b o r a t o r y  measurements 
f o r  i n c l u s i o n  i n  t h e  twenty- f i r s t  i s s u e  o f  t h e  Newsletter o f  Laboratory 
Spectroscopy f o r  P lane ta ry  Science.  
I n  a d d i t i o n  t o  t h e  observa t ions  of Venus and a n a l y s i e  work conducted 
j o i n t l y  with Dr. Michael J. Kle in  of JPL, we have a l s o  worked wi th  Dr. Michael 
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A. Janssen  of  JPL r ega rd ing  models for  t he  Venus atmosphere,  i n t e r p r e t a t i o n  of  
microwave emission measurements, and t h e o r e t i c a l  models f o r  t h e  abso rp t ion  
spectrum o f  H2S04. We have a l s o  worked with D r .  Arvydas J. Kl io re  o f  J P L  on 
t h e  r educ t ion  and i n t e r p r e t a t i o n  of d a t a  from recen t  Pioneer-Venus Radio 
Occu l t a t ion  S tud ie s  as p a r t  o f  o u r  involvement i n  t h e  Pioneer-Venus Guest  
I n v e s t i g a t o r  Program. More informal con tac t s  have been maintained wi th  groups 
a t  t h e  C a l i f o r n i a  I n s t i t u t e  o f  Technology (Dr. Duane 0. Huhleman and h i s  
s t u d e n t s ,  regard ing  i n t e r p r e t a t i o n  of r a d i o  as t ronomica l  measurements of Venus 
o p a c i t y ) ,  a t  t h e  S tanford  Center f o r  Radar Astronomy (V. R. Eshleman, 
G. L. Ty le r ,  and T. S p i l k e r ,  regard ing  Voyager r e s u l t s  f o r  t h e  o u t e r  p l a n e t s ,  
and l a b o r a t o r y  measurements), and a t  JPL (Drs. Robert Poynter and Samuel 
Gulkis ,  regard ing  r a d i o  astronomical  obse rva t ions  of t h e  o u t e r  p l a n e t s  and 
Venus). We have a l s o  worked wi th  Dr. Imke de P a t e r  (Un ive r s i ty  of Cal i fo rn ia -  
Berkeley) by using our  l a b o r a t o r y  measurements o f  a tmospheric  gases  i n  t h e  
i n t e r p r e t a t i o n  o f  r a d i o  astronomical  obse rva t ions  o f  Venus and the  o u t e r  
p l a n e t s .  We have a l s o  s tud ied  poss ib le  e f f e c t s  o f  t h e  microwave opac i ty  of  
cloud layers i n  the  o u t e r  planets 'a tmospheres .  I n  t h i s  a r e a ,  we have worked 
both wi th  D r .  de  Pa te r  and wi th  D r .  Paul Rmani  (NRC Assoc ia te ,  Goddard SFC). 
D r .  S t e f f e s  has  a l s o  been a c t i v e  i n  the  review o f  p roposa l s  submitted t o  the  
P lane ta ry  Atmospheres Program a t  NASA (both as a "by-mail" reviewer and as a 
panel member) and as a reviewer of manuscr ipts  submit ted t o  I ca rus  and the  
Journa l  of  Geophysical Research, for  which Dr. S t e f f e s  i s  an Assoc ia te  
E d i t o r .  We have a l s o  cont inued t o  serve  the  p l a n e t a r y  community through t h e  
d i s t r i b u t i o n  of r e p r i n t s  o f  our a r t i c l e s  desc r ib ing  o u r  l a b o r a t o r y  measure- 
ments  and t h e i r  a p p l i c a t i o n  to  microwave and mi l l imeter -wave  d a t a  from 
p l a n e t a r y  atmospheres. The r e s u l t s  of t h e s e  measurements have been used i n  t h e  
mission planning f o r  r a d i o  and radar  systems aboard the  G a l i l e o  and Magellan 
miss ions ,  and more r e c e n t l y ,  f o r  proposed experiments  f o r  t h e  Cass in i  
mission.  Dr. S t e f f e s  a l s o  p a r t i c i p a t e d  as a member of  t h e  I n t e r n a t i o n a l  
J u p i t e r  Watch (IN) Laboratory/  Theory Di sc ip l ine  Team. Another source of 
c l o s e  i n t e r a c t i o n  with o t h e r  p lane tary  atmospheres p r i n c i p a l  i n v e s t i g a t o r s  has 
been D r .  S t e f f e s '  membership i n  the P lane ta ry  Atmospheres Management and 
Opera t ions  Working Group (PAMOWG). Travel  support  fo r  a t  tendance a t  PAMOWG 
meet ings has  been provided by Georgia Tech i n  suppor t  of  P l ane ta ry  Atmospheres 
Research. Also i n  support  o f  P lane tary  Atmospheres Research, Georgia Tech 
provided $2,000 f o r  r equ i r ed  r e p a i r s  and maintenance t o  the  u l t ra -co ld  f r e e z e r  
system used i n  t h e  o u t e r  p l a n e t s  atmospheric s imula tor .  
VII. COLlCLUSIOR 
In the f i r s t  h a l f  of  t h i s  grant  year, we have cont inued t o  conduct 
l a b o r a t o r y  measurements of  t h e  millimeter-wave p r o p e r t i e s  o f  atmospheric gases  
under s imulated cond i t ions  fo r  t h e  outer  p l ane t s .  S i g n i f i c a n t  improvements i n  
our c u r r e n t  system have made it poss ib l e  to  a c c u r a t e l y  c h a r a c t e r i z e  the  
opac i ty  from gaseous N€13 a t  longer  mil l imeter-wavelengths  (7 t o  10 w) under 
s imulated Jov ian  cond i t ions .  I n  the second h a l f  o f  t h i s  g ran t  year ,  we hope 
t o  extend such measurements t o  even s h o r t e r  mi l l imeter -wavelengths .  We w i l l  
l i kewise  cont inue  t o  pursue f u r t h e r  a n a l y s i s  and a p p l i c a t i o n  of  our  l a b o r a t o r y  
r e s u l t s  t o  microwave and mil l imeter-wave abso rp t ion  d a t a  f o r  t h e  o u t e r  
p l a n e t s ,  such as r e s u l t s  from Voyager Radio Occu l t a t ion  experiments  and ea r th -  
based r a d i o  astronomical  observat ions.  We a l s o  intend t o  pursue t h e  a n a l y s i s  
o f  a v a i l a b l e  mul t i - spec t r a l  microwave o p a c i t y  d a t a  from Venus, i nc lud ing  d a t a  
from o u r  most r ecen t  r a d i o  astronomical  obse rva t ions  i n  t h e  1.3 t o  3.6 cm 
wavelength range and newly obtained Pioneer-Venus Radio Occultation measure- 
ments at 13 cm, u s i n g  our laboratory measurements as an interpretive tool. 
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Figure 3: Performance (minimum detectable absorptivities) for the millimeter-wave. 
planetary atmospheres simulator (operating at 200 K) at the beginning -31- 
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FIGURE 4 :  Absorption of NH, in a -32- 
88.34% H2,9.81% He, 1.85% NH, 
mixture (Mixing ratio: 0.01 85+0.0005) - 
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-33- 
Figure 5: Absorptivity p r o f i l e  (preliminary) derived from 13-cm radio data 
(2.293 GHz) obtained during the entry occu l ta t ion  of Pioneer- 
















































Figure 6: Comparison of absorptivities measured with radio occultation 
technique (circular points -- from Pioneer-Venus Orbit 2801- 
entry occultation) with absorptivity which would result from 
saturation abundance of H2S04 (from Steffes, 1985). The 
absorption coefficient scale is logarithmic (exponents of lo). 
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Figure 7 :  Abundances of gaseous H SO inferred from Pioneer-Venus 2 4  13-cm absorpt iv i ty  p r o f i l e s  (c ircular  points )  compared 
with the saturat ion abundance p r o f i l e  of gaseous HzS04 
(from S t e f f e s ,  1985). The mixing r a t i o  scale i s  
logarithmic (exponents of 10 ) .  
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